We have demonstrated a method of generation and real-time detection of nanostructures in a cold Rb cloud. These structures, which are periodic gratings of atomic density, appear as a result of interference of atoms diffracted by pulses of an optical standing wave of wavelength . We have detected structures of period /2 and /4. Calculations indicate that these density gratings have period /2N for integer N. While the structures with the period /2 are easily detected by Bragg scattering of an optical probe beam, the shorter-period structures are not. For their detection we have developed a three-pulse echo method, in which the shorterperiod gratings get converted into the structures with period /2, readily detected in real time. Applications related to lithography are discussed.
I. INTRODUCTION
Atom interferometry ͓1,2͔ is a new and rapidly developing area of physics. Over the last several years, interferometric techniques have been used for new and precise measurements of the earth's gravitational acceleration g ͓3-5͔, the gradient of g ͓6͔, ប/m Cs ͑where m Cs is the mass of the cesium atom͒ ͓7,8͔, refractive index for matter waves in a gas ͓9͔, and frequencies of slow rotations ͓10,11͔. In this work, we utilize techniques of atom interferometry and atom optics for creating small-scale periodic structures in a cloud of laser-cooled atoms. Our technique is readily applicable to atom beam lithography.
So far, several groups have demonstrated atom lithography using a single optical standing wave for manipulations on an atomic beam. Atomic structures of period /2 ͓12-15͔ and /4 ͓16͔ have been deposited onto a substrate, where is the optical wavelength. To form these sub-structures, atoms were focused into the minima of the potential created by the optical standing wave, which is set up perpendicular to the atomic beam. Earlier, Mossberg et al. ͓17͔ suggested that a grating of atomic inversion, having period /2N for integer N, can be created using the effect of the grating echo they discovered. Mossberg et al. observed a /2 inversion grating in sodium vapor.
We report a method for creating modulation of the total atomic density with period /2N. In our experiments, which were performed in the time domain, a cloud of cold Rubidium atoms was irradiated by a sequence of optical standing-wave pulses. These standing-wave pulses diffract the atoms into a superposition of momentum states differing by 2បk ͑twice the photon momentum͒. At certain times, atomic states with momenta that differ by 2Nបk coherently interfere, resulting in a density modulation ͑interference fringes͒ with period /2N. This resulting density modulation can be considered a type of photon echo ͓18,19͔. Conceptually, our time-domain experiment is close to the spacedomain experiment suggested by Dubetsky et al. ͓20͔ , in which an atomic beam passes through several zones of atomlight interaction and each zone is analogous to a light pulse in our experiment.
Unlike the work of Mossberg et al., we only manipulate atoms in the ground state and thus, the duration of our experiment is not limited by the lifetime of the atomic excited states. This allows us to explore the fundamental issues of matter-wave interference by carrying out the experiment over the times longer than the Talbot time ͓21͔, during which the phase associated with the energy transfer between the atom and the field becomes important.
The techniques discussed here may have direct application towards lithography. Periodic structures with periods a small fraction of an optical wavelength deposited on a substrate may serve as reflective diffraction gratings for ultraviolet and soft x-ray radiation. Our method will be good for this application because the density modulations we create are almost purely sinusoidal resulting in more efficient diffraction into fewer orders. In addition, because our technique is based on coherent light fields, the coherence length of any deposited structures would be very large. Another feature of this technique applied to atom lithography is that no subrecoil collimation of the atoms being deposited is needed ͑i.e., the atomic momentum distribution does not have to be narrower than 2បk). Using an uncollimated beam allows a larger flux of atoms and a correspondingly shorter deposition time.
As a first step, we formed and detected in real-time gratings of periods /2 and /4. We plan to employ our technique for the formation of gratings with periods /6, /8, etc., and to apply it to lithography with an atomic beam. This paper is organized as follows: Section II gives a qualitative description of the experiment and explains the underlying physics; in Sec. III, the experimental apparatus is described; in Sec. IV, we discuss our experimental results; and Sec. IV presents a detailed theory of atomic density gratings generated by standing-wave pulses in a cold atomic cloud.
II. QUALITATIVE DESCRIPTION OF EXPERIMENT
A sketch of the experiment is shown in Fig. 1 . A cloud of ϳ100-K
85
Rb atoms, prepared by laser-cooling techniques, is illuminated by three short pulses ͓Fig. 1͑a͔͒ of an offresonant optical standing wave ͑SW͒ composed of two plane waves with identical polarizations traveling in opposite directions, k 1 and k 2 (k 1 ϭϪk 2 ϵk).
For short times after a pulse ͑much less than the Talbot time͒, the effect of the standing wave is to focus the atoms towards the nodes ͑or antinodes͒ by the optical dipole force. For longer times after the pulse, the atomic motion must be treated quantum mechanically, and it is convenient to think of the standing-wave pulses as diffraction gratings for atomic de Broglie waves. We can describe the initial state of the atomic cloud as an incoherent mixture of atomic momentum states. To understand the effect of the pulse sequence on the atomic cloud, we may first compute the effect on an initial momentum state ͉p 0 ͘ and then sum the result over the momentum distribution of the atomic cloud. The effect of a standing-wave pulse on the initial state ͉p 0 ͘ is to create a superposition of momentum states that differ from p 0 by multiples of the photon momentum difference ប(k 2 Ϫk 1 ) ϭ2បkϵបq. This momentum exchange is a result of twophoton processes that bring the atomic internal ground state back to itself via a virtual excited state. The effect of the first pulse can therefore be expressed as
where the amplitudes c n 1 depend on the pulse area. Immediately after the pulse, there is no atomic density modulation because the pulse is assumed to be sufficiently short so that the atoms do not have time to move during the pulse ͑this is the Raman-Nath approximation ͓22͔͒. Although not obvious from Eq. ͑1͒, the wave function immediately after the pulse is modulated in phase with period /2 ͓see Sec. V, particularly Eq. ͑7͔͒.
Owing to the dispersion of de Broglie waves in free space, the phase modulation immediately after the first pulse evolves into a density modulation ͑again, of period /2). Up to an overall phase, the state ͉(tϭ0ϩ)͘ changes in time as
where v 0 ϭp 0 /m atom is the initial velocity of the atom, n 1 v 0 •qt is the Doppler phase, q ϭបq 2 /2m atom is the recoil frequency, and n 1 2 q t is the recoil phase. ͑A stationary atom gains an energy of ប q in a two-photon recoil.͒ The recoil frequency q determines the time scale where quantum effects become significant. We define the Talbot time T q ϭ2/ q Ӎ64 s for the Rb atoms in our experiment.
The atomic density v 0 (x,t) from the initial momentum state ͉p 0 ͘ can be computed from Eq. ͑2͒ by v 0 (x,t) ϭ͉͗(t)͉x͉͘ 2 . The total density is obtained by summing v 0 (x,t) over the distribution of initial velocities v 0 . The modulation in the atomic density is due to the coherence between different momentum states. When summing over the initial velocity v 0 , this coherence is lost for sufficiently large time because the Doppler phases differ for different velocities. It can be seen from Eq. ͑2͒ that the time scale for this dephasing is of the order of 1/uq for a typical velocity spread u. In our experiments, this time is much less than the Talbot time.
After a single pulse, the overall period of the resulting atomic density modulation is /2. This modulation can be detected by switching on a weak readout field in the mode k readout ϭk 2 , as shown in Fig. 1͑b͒ . The atomic grating will backscatter the light into the mode k 1 because of the phasematching condition k 1 ϭk readout Ϫq. In our experiments, we measure the amplitude and phase of the backscattered field.
Although the period of the atomic density modulation is /2, the density distribution also contains higher spatial harmonics (/4, /6, etc.͒ because an atom could have received more than one recoil បq from the standing-wave field. The goal of our experiment is to remove the lower spatial harmonics in the atomic density and end up with structures whose period is some integral fraction of /2. To achieve this goal, we rely on two phenomena: ͑i͒ the initial structure we created vanishes due to the thermal motion of atoms on the time scale /2uӍ0.5 s, where u is the thermal velocity spread of the atomic cloud; ͑ii͒ by appropriate use of photon echoes, we can select out various spatial harmonics of the atomic density.
We now consider the effect on the atomic density of two standing-wave pulses separated by a time T 2 . The behavior of the system can be clarified by use of a Doppler phase diagram ͓23͔, as shown in Fig. 2͑a͒ . This diagram plots the velocity-dependent phase of the atomic amplitudes that result from a sequence of optical pulses on an initial atomic state with velocity v 0 . As shown in Eq. ͑2͒, the first standing-wave pulse ͑SW1͒ produces a superposition of momentum states that differ from the initial momentum by multiples of បq. The amplitude of each of these states has a velocitydependent phase n 1 v 0 •qt that increases linearly in time and is proportional to the number of recoils n 1 . As the lines separate, the phase difference between interfering amplitudes de-FIG. 1. Sketch of experiment: ͑a͒ A cloud of cold Rb atoms is illuminated by short pulses of a standing wave made of two counterpropagating waves of the same polarization; ͑b͒ to detect /2 grating in the cloud, we switch on a weak field in the mode k 2 , which is coherently scattered into the mode k 1 by the density grating.
pends on the initial atomic velocity, and any density grating produced is washed out in time 1/qu due to the spread in initial velocity. The second pulse ͑SW2͒ applied at time t ϭT 2 relative to the onset of SW1 (T 2 ϳ0.1-1 ms) further splits each of the amplitudes arising from the first pulse into a set of amplitudes. Crossing lines on this diagram represent the condition when the interference between states of different momentum does not depend on the atomic velocity, and a coherent atomic grating is produced. We refer to this revival of the initial modulation of the cloud as a population grating echo. The difference in slope between interfering amplitudes gives the periodicity of the resulting grating. For example, the solid thick lines in Fig. 2͑a͒ represent interfering amplitudes that contribute to an echo at time tϭ2T 2 . In this case the momentum state labeled n 1 ϭϩ1 receives a momentum kick of Ϫ2បq from SW2 and crosses the momentum state n 1 ϭ0 at time 2T. Because the difference in momentum between the interfering states is បq, the periodicity of the resulting grating is /2. To compute the atomic density at 2T 2 ͑or at any other echo time͒, one has to sum the contributions of all the interfering amplitudes that cross at this time. Figure 2͑a͒ is also referred to as a recoil diagram. According to the ''billiard-ball echo model'' ͓19͔, one can consider the initial state of the system as a wave-packet whose momentum spread is that of the entire gas. The laser pulse splits this wave packet into separate wave packets, which then separate over time as a result of the recoil momentum these wave packets receive from the light field. In Fig. 2͑b͒ , which shows this idea more graphically, we display the positions of only two wave packets that have received zero and one recoil, respectively. When these two wave packets are closer than the coherence length ͑thermal de Broglie wavelength͒, they interfere, and we observe modulation in the cloud. After their separation becomes larger, the modulation washes out. The second pulse creates a wave packet from the n 1 ϭϩ1 wave packet that propagates back toward the n 1 ϭ0 wave packet and overlaps it at time 2T 2 , producing a density grating in the vicinity of the time 2T 2 .
We can detect the restored modulation by means of scattering a weak readout wave. The amplitude of the signal backscattered around tϭ2T 2 is shown in Fig. 2͑b͒ ͓see also Fig. 6͔ . At exactly tϭ2T 2 this signal is zero ͑no scattering͒ because the density is uniform at this instant ͑as in the situation immediately after the first pulse-see Sec. V͒.
The structure of period /2 appearing around tϭ2T 2 has been studied in Ref. ͓24͔ . The focus of this paper is on producing density modulations of smaller period. Such gratings will form in response to two pulses at times other than integer multiples of T 2 . An example of this is shown by the dashed line in Fig. 2͑a͒ . This line is formed by the amplitude that picked up momentum បq from the first pulse ͑labeled n 1 ϭ1) receiving a momentum kick from the second pulse of Ϫ3បq ͑as opposed to Ϫ2បq for the echo that occurs at t ϭ2T 2 ). This line crosses the horizontal axis, which represents an amplitude with initial momentum p 0 , at t ϭ(3/2)T 2 with a slope of Ϫ2បq, resulting in a grating with a period of /4 because ͑i͒ the difference in momenta of the interfering amplitudes is 2បqϭ4បk, and ͑ii͒ no amplitudes with momentum difference of បq interfere at this time and therefore the density harmonic of period /2 is absent. In a similar fashion we expect to get a periodicity of /6 around tϭ(4/3)T 2 because the minimum difference between the momenta of interfering states is 3បq. Around tϭ 5 4 T 2 , we have a grating of period /8 and so on.
The structures of period smaller than /2 do not scatter the wave k 2 . We detect these structures indirectly by applying the third standing-wave pulse ͑SW3͒ at tϭT 3 whose effect is displayed in Fig. 3 . SW3 converts interfering amplitudes with a large difference in momentum recoils ͑which are capable of producing gratings of period smaller than /2) into amplitudes that differ by only one recoil, and therefore produce a structure with /2 period that can be detected directly. The thick lines in Fig. 3 show an example of a grating of period /4 at time 3T/2 that is converted by SW3 into a /2 grating that appears at a later time. Listed also in this figure ͑in rectangular boxes͒ is the difference in momentum in numbers of recoils ͑symbolized by integers N 1 , N 2 , and N 3 ) after each pulse for the amplitudes represented by the thick lines. The signal from this /2 structure ͑the echo͒ contains information about the previously existing smaller period density gratings. The properties of the three-pulse echo shown in Fig. 3 depend on the coherence between states differing by a particular value of N. The existence of this FIG. 2 . Doppler phase diagram ͑or recoil diagram͒ for a twopulse population grating echo experiment. n 1 is the number of twophoton recoils following the first pulse. ͑a͒ Possible trajectories of atomic amplitudes subject to two standing-wave pulses SW1 and SW2 ͑which are assumed to be short, and whose duration is not resolved in the plot͒. By solid lines, we have designated trajectories considered in part ͑b͒. The amplitude shown by the dashed trajectory produces a /4 period atomic grating at tϭ echo is direct evidence of the existence of this coherence, and in addition, gives information about the size of this coherence. While the three-pulse echo signal is not a direct indicator of the existence of the higher-order echo ͑it can even occur before the higher echo occurs as in the case of the ''slow'' echo described later͒, it indicates the presence of the coherences that result in the higher-order echo. Measurement of the three-pulse signal as a function of various parameters ͑e.g., time between pulses͒ and comparison of the results to the detailed theory ͑developed in Sec. V͒ allows one to obtain specific information, such as contrast, about the highorder echo.
The Doppler phase diagrams representing the echoes that occur as a result of a sequence of pulses can be simplified by realizing that the time a given echo occurs is uniquely determined by the momentum difference in interfering amplitudes after each of the standing-wave pulses. A plot of the Doppler phase difference between pairs of interfering amplitudes produces a significantly simpler diagram that clearly indicates the relationship between the values of N j , the pulse times T j , and the time of the echo. Figure 4͑a͒ shows such a diagram representing the equivalent situation as the thick lines in Fig. 3 . In this diagram, the slope of the Doppler phase difference is proportional to the value of N j , and an echo occurs with spatial period /(2N j ) when the Doppler phase difference crosses zero with slope corresponding to momentum difference N j បq.
In our experiment, we have observed three kinds of echo, distinguished experimentally by the different dependence of the echo time on the onset times of the SW pulses. Figure 4 shows the phase diagrams that lead to each of these echoes. The atoms as displayed in Figs. 4͑a͒ and 4͑b͒ would have produced a /4 grating at tϭ 3 2 T 2 if SW3 were not applied. We shall call the echoes, described in Figs. 4͑a͒ and 4͑b͒, the ''fast'' and the ''slow'' echo, respectively. These echoes are named because of the different dependence of t echo on the onset of SW3. The times when the echoes occur are
From these equations it is clear that when T 3 is changed, t fast echo changes three times more than t slow echo . We also studied another kind of echo that we call the ''stimulated'' echo in analogy to the stimulated photon echo ͓25͔ ͓see the diagram in Fig. 4͑c͔͒ . In contrast to the slow and the fast echo, the stimulated echo does not involve the formation of structures smaller than /2. That is, it does not involve coherences between atomic amplitudes with ͉N j ͉ Ͼ1, and no higher-order atomic grating would form if the third pulse were not applied. It is still a three-pulse echo, however, in that it does not exist if one of the pulses is not applied. The stimulated echo can be observed at t stim echo ϭT 2 ϩT 3 . ͑4͒
We note that the echo phenomenon itself-that is, the rephasing of the atomic density gratings at various echo times-does not depend on the quantization of the atomic center of mass. For example, a gas of classical particles subject to a sequence of transmission gratings ͑array of thin slits͒ would result in the rephasing of gratings of various periodicities at the same echo times as for the experiments discussed in this paper ͓21,26,27͔. The size ͑or contrast͒ of the gratings produced, on the other hand, depends specifically on the mechanism that produces these gratings. For the FIG. 3 . Doppler phase diagram showing detection of higherorder gratings for a particular onset time of SW3: T 3 ϭ1.8T 2 . The third standing-wave pulse ͑SW3͒ converts amplitude differences that produce a higher-order structure into the ones that give a structure of period /2, detectable directly. The N 1 , N 2 , and N 3 refer to differences in momentum of interfering amplitudes in units of បq.
FIG. 4.
Phase diagrams for ͑a͒ fast echo, ͑b͒ slow echo, and ͑c͒ stimulated echo. system discussed in this paper, this size depends strongly on the recoil phase of the various amplitudes contributing to the echo, and therefore depends in a critical way on the quantum nature of the center-of-mass motion. As shown in Secs. IV and V, the size of the echo signal ͑which is proportional to the grating contrast͒ as a function of the onset time of the standing-wave pulses is strongly modulated at multiples of the recoil frequency q . This modulation is closely related to the atomic Talbot effect ͓28,29͔.
III. EXPERIMENTAL SETUP
The experimental setup is similar to the interferometer of Cahn et al. ͓24͔ and is shown in Fig. 5 . Our experiment is repeated every 100 ms. Each duty cycle consists of a trapping and cooling period ͑88 ms͒ and an experimental period ͑within the next 12 ms͒. During the trapping and cooling period we prepare a cold atomic sample for the interferometer. This is done in two steps. During the first 80 ms, we cool and trap 85 Rb in the vapor-cell magneto-optical trap ͓30͔. The trapping laser is detuned by 3⌫ from the transition 5S 1/2 (Fϭ2)→5 P 3/2 (FЈϭ4), where ⌫ is the natural linewidth of the excited level. Then we turn off the trapping magnetic field, detune the laser up to 6⌫ to the red of the resonance, and further cool atoms in optical molasses via polarization gradient cooling ͓31,32͔ for 7.9 ms. As a result, we get a cloud of atoms at 105 K. For trapping and cooling we use a diode laser system that is independent of a Ti:sapphire laser used to produce beams k 1 and k 2 .
The beginning of the experimental cycle ͑0.1 ms after the molasses beams are switched off͒ is referred to as time t ϭ0. At tϭ0, tϭT 2 , and tϭT 3 three off-resonant standingwave pulses ͑SW1, SW2, and SW3͒ are applied with pulse durations of 50 ns. Rb. This large detuning allows us to minimize the effects of spontaneous emission ͑we estimate that less than 1% of the atoms spontaneously emit during each pulse͒. The SW pulses are composed of two counterpropagating traveling waves k 1 and k 2 , switched on and off independently by two acousto-optic modulators ͑AOM͒. The AOMs are driven by a common 220-MHz rf oscillator. The density grating of the atomic cloud is probed by switching on only the traveling wave along k 2 and measuring the ͑complex͒ amplitude of the wave backscattered along k 1 . For the SW pulses, the power in each k 1 and k 2 beam is 115 mW and the intensity is approximately 460 mW/cm 2 , while the intensity of the probe beam is 15 times smaller. Typical pulse areas ͓see Eq. ͑7͔͒ used in our experiments ranged from about 1.5 to 2.
The scattered wave is detected by beating it with an optical local oscillator in a balanced heterodyne arrangement. The optical local oscillator is the beam passing undiffracted through the AOM used to switch the k 1 beam. The echo beat signal ͑at 220 MHz͒ obtained from the heterodyne arrangement is mixed down to dc in a quadrature demodulator. The two outputs of the demodulator are the real and imaginary part of the scattered light amplitude.
To compensate for drifts in the phase between repetitions of the experiment ͑due, for example, to motion of the mirrors͒, the following phase stabilization scheme was used ͓33͔. Before each repetition of the experiment a weak rf signal was applied to the k 1 AOM, resulting in a weak optical signal along the k 1 direction. A feedback loop was used to adjust the phase of the rf signal until the output of one channel of the demodulated beat signal between the k 1 beam and the optical local oscillator was reduced to zero. This phase was then held fixed during the subsequent pulse sequence leading to the echo signal. Therefore, the real and imaginary parts of the complex echo signal represent the components of the signal field in phase and in quadrature with the applied k 1 field, respectively ͑note that the k 1 field is off during the detection͒. Any phase drift during a single repetition of the experiment was minimized by directing the optical local oscillator and the k 1 beam through the same set of optics ͑see Fig. 5͒ .
IV. EXPERIMENTAL RESULTS
In Fig. 6 , we have plotted a typical echo signal from the experiment. The amplitude of the scattered light is plotted as a function of the time ⌬t relative to the calculated echo time t echo . The dots are the experimental data and the curve is a fit to the theoretical prediction ͑17͒, which will be derived later. Though we measure both real and imaginary part of the electric-field amplitude, only one trace is displayed in Fig. 6 . This is because the real and imaginary parts of the data are proportional to each other, and a time-independent rotation in the complex plane during the data analysis can be used to reduce one component of the signal to nearly zero. Figure 6 shows only the nonzero component of the rotated signal. A negative value of E in Fig. 6 ͑occurring at times ⌬tϽ0) corresponds to a grating that is shifted by half a grating period from a grating that produces a positive value of E ͑oc-curring at times ⌬tϾ0 in Fig. 6͒ . One may see in Fig. 6 that no light is scattered from the atomic cloud at time ⌬tϭ0. This is because there is no modulation in density at this instant. It is a remarkable fact that for any sequence of standing-wave pulses, the modulation in atomic density is zero at exactly the echo times. This is due to cancellation of the recoil phases of the amplitudes contributing to the echo signal at the same instant that the Doppler phases cancel. See Sec. V for further discussion of this point. The amplitude of the scattered light increases immediately after the point ⌬tϭ0 as the density grating forms, and then drops off because of the thermal motion of the atoms. The opposite order of evolution is seen when the time is approaching the instant ⌬tϭ0. The temporal width of the signal is an accurate measure of temperature, which was found to be Tϭ105 K, corresponding to the thermal velocity uϭ14 cm/s (uϭͱ2k B T/m atom ). In general, one can extract the entire velocity distribution ͑projected along the direction of q) from the shape of the echo signal. At certain onset times of the pulses, echoes of different kinds appear close enough to each other that one can see them on the same trace on the oscilloscope. Two such traces are displayed in Fig. 7 . The slow and the stimulated echoes are plotted in Fig. 7͑a͒ ͑the echo in the middle is the twopulse echo from SW1 and SW2, it remains there if SW3 is not applied͒; the fast and the stimulated echo are displayed in Fig. 7͑b͒ ͑again the echo in the middle is a two-pulse echo, now from SW2 and SW3͒.
In our experiments, we fixed the onset times of SW1 and SW2 and varied the time at which SW3 is applied. Figure 8 shows the dependence of the echo time on the onset time of the third pulse: Both the data and the theoretical predictions of Eqs. ͑3͒ and ͑4͒ are plotted. It is interesting to see in Fig.  8 that the slow echo moves backwards with increasing T 3 , while the times when the fast and the stimulated echo occur increase. The positions of the two traces of Fig. 7 are shown by two vertical segments.
An important parameter that determines contrast of the FIG. 6 . A typical echo signal: the amplitude of the backscattered light vs time ⌬tϵtϪt echo . Dots are the data, and the curve is the fit to the theory ͓Eq. ͑17͔͒.
FIG. 7. Data showing the backscattered echo signals vs time:
͑a͒ T 2 ϭ80 s and T 3 ϭ92 s. On this trace, the slow echo, the twopulse echo from SW1 and SW2, and the stimulated echo are displayed. While the echoes on the left and right require all three standing-wave pulses for their generation, the echo in the middle needs only SW1 and SW2. ͑b͒ T 2 ϭ80 s and T 3 ϭ148 s. This trace displays the fast echo, the two-pulse echo from SW2 and SW3, and the stimulated echo. The echo in the middle requires only SW2 and SW3 for its generation. Recoil diagrams for the slow, fast, and stimulated echoes are shown in Fig. 4 . fabricated structures and the size of the echo signal is the recoil phase. To see the influence of the recoil phase on the echo signal, we measured the dependence of the echo peakto-peak size on the onset time of SW3 (T 3 ), keeping the onset time of SW2 (T 2 ) constant. Figure 9 shows this dependence for the slow and fast echo. The dots are the experimental data and the curve is the theory ͓based on Eq. ͑24͔͒. Each point on this graph is a result of a separate experiment in which a trace similar to the one of Fig. 6 is observed and the echo peak-to-peak size entered into the graph of Fig. 9 . One may see that the echo size oscillates on the time scale of / q Ӎ32 s. By a proper choice of the recoil phase, one may achieve maximum visibility in the desired periodic structure. In addition to the oscillations in the echo size as a function of the pulse times T j , we find that there is an overall decay of the size of the echo as the echo time t echo increases. We have measured echo lifetimes ͑the value of t echo where the echo signal is e Ϫ1 its maximum size͒ as long as 2.0 ms. In principle, the echo lifetime should be determined only by how long the atoms remain in the interaction region, and for the parameters of our experiment, we estimate this time to be on the order of 10 ms. The reason for this discrepancy has not been unambiguously determined. The echo lifetime for the data in Fig. 9 was about 300 s, which we found to be due to a small amount of resonant light that was continuously irradiating the atoms during the experiment.
We note here that one would expect a large number of different three-pulse echos, corresponding to different values of N 1 and N 2 ͑see Fig. 4͒ . In addition to the echos shown in Fig. 4 , we have observed a three-pulse echo corresponding to the formation of a /6 grating at time tϭ(4/3)T. Other echos should be easily observed with our apparatus by using the results of Sec. V to determine the optimum parameters for a given echo. Up till now, however, no systematic search has been carried out.
V. THEORETICAL ANALYSIS

A. Periodic structures in a gas of two-level atoms
So far the underlying physics has been described qualitatively. We now study quantitatively the effect of a sequence of standing-wave pulses on a sample of cold atoms. In this section, we shall study the formation of periodic structures in a gas of two-level atoms. In fact, the experiment has been done in a gas of 85 Rb atoms whose ground and excited states have a hyperfine structure. Our theoretical results will be generalized to multilevel atoms in Sec. V B.
For the purpose of quantitative analysis, we model the gas of atoms as an incoherent Maxwell-Boltzmann mixture of plane waves. We carry out the calculation by first computing the signal for a well-defined initial momentum p 0 ϭmv 0 ϭបq 0 and then summing the signal over the initial atomic momentum distribution. We assume that the detuning ⌬ ϵ laser Ϫ eg is sufficiently large so that the atom always remains in the ground state and spontaneous emission can be neglected. The Rabi frequency will be defined via the ͑real͒ electric-field amplitude E 0 and polarization of traveling waves forming the standing-wave field:
where d eg is the dipole matrix element connecting the excited and the ground state. Under the above conditions, the ground state of an atom placed into a standing-wave field shifts ͓22,34͔ up to a constant term as
V͑x,t ͒ϭប⍀͑ t ͒cos͑ q•x͒, ͑6͒
where ⍀(t)ϭ͓(t)͔ 2 /(2⌬) is the two-photon Rabi frequency. This spatially varying energy shift determines the motion of the atoms.
To see the effect of the first standing-wave pulse on an initial atomic plane wave exp(iq 0 •x) and find the wave function after the pulse, (x,tϭ0ϩ), we apply time evolution operator exp͓Ϫi͐Ĥ (t)dt/ប͔. During the pulse, we neglect the kinetic-energy term p 2 /2m in the Hamiltonian ͑Raman-Nath approximation ͓22͔͒. This approximation, which is based on the assumption that the atoms do not move during the interaction is valid when quӶ1, q Ӷ1, and ͱ q ⍀ Ӷ1 for pulse duration . Therefore, during the pulse, Ĥ (t)ϭV(x,t), and the wave function after the first pulse is
where j ϭϪ͐⍀(t)dt is the pulse area. As it is seen from Eq. ͑7͒, the pulse does not alter the density distribution (͉ v 0 (x,0ϩ)͉ 2 ϭ1) but imposes a periodic phase modulation of period /2. A Fourier transform shows that Eq. ͑7͒ is a superposition of partial plane waves whose momenta differ by the multiples of the recoil momentum បq:
Amplitude of the slow and fast echo vs onset time of the third standing-wave pulse, T 3 , with T 2 fixed at 80 s. The oscillations in the signal amplitude are composed of harmonics of 2 q . When T 3 goes over the point T 3 ϭ1.5T 2 , we stop seeing the slow echo and see, instead, the fast echo. Dots are experimental points and the solid line is a fit based on Eq. ͑24͒ multiplied by a phenomenological decay factor exp͓Ϫ(t echo /320 s)
where J n 1 is a Bessel function of the first kind. Between pulses, the evolution of the atomic state is determined by the free particle Hamiltonian Ĥ ϭp 2 /2m atom . Up to an overall phase ͑which is unimportant for interference͒ the wave function is
͑9͒
Equations ͑8͒ and ͑9͒ are essentially the same as Eqs. ͑1͒ and ͑2͒, but written in a different representation. The Doppler phase n 1 v 0 •qt is responsible for rapid loss of coherence between classes of atoms with different initial velocities. The recoil phase n 1 2 q t varies much more slowly. To see the effect of a sequence of L short standing-wave pulses on an atom plane wave, one should apply a sequence of time evolution operators: exp͓i j cos(q•x)͔ ϭ ͚ n j i n j J n j ( j )e in j q•x for each ( jth͒ pulse with onset time T j , and exp͓Ϫip 2 (tϪT j )/2បm atom ͔ for the interval of free evolution before the next pulse or the detection. Each pulse splits partial waves as the first pulse splits the initial state. At some time t after L pulses, the wave function is
͑10͒
To find the density of atoms corresponding to the above wave function, we average ͉ v 0 (x,t)͉ 2 over the initial velocity distribution f (v 0 ). We write the resulting density as Fourier series
where the N L th Fourier harmonic is built up by interfering matter waves whose momenta differ by N L recoils ͑that is, N L បq). The amplitude of the N L th Fourier harmonic of density is ͓35͔
where ͗•••͘ f designates averaging over the initial velocity distribution, the time
is the echo time for a given value of
, and the phases
arise from the recoil phases of interfering waves and are responsible for the slow oscillations of the echo amplitude as a function of pulse times T j . It is clear from Eq. ͑13͒ that the echo time only depends on the onset time of the pulses and on the differences in recoil momenta of interfering waves after each pulse. Equations ͑3͒ and ͑4͒, giving the instant of the slow, fast, and stimulated echo are particular cases of Eq. ͑13͒.
Because of the thermal velocity spread, the factor 
where we have used in the argument of J N 1 the fact that 1 rec (t N echo ϩ⌬t)ϭN L q ⌬t from Eqs. ͑13͒ and ͑14͒. Because J N 1 (0)ϭ0 ͑for N 1 0), we arrive at the remarkable result that the density modulation is zero at the exact echo times ⌬tϭ0.
Since in our detection scheme only /2 gratings scatter light effectively, the amplitude of scattered readout light is proportional to the weight of the minus-first Fourier harmonic of density (N L ϭϪ1):
where E 0 is the amplitude of the readout field. To find the shape of the observed echo signal, we express the amplitude of this harmonic ͓ Ϫ1 given by Eq. ͑15͔͒ to lowest order in ⌬t:
In this expression, (⌬t)
The form ͑17͒ is consistent with the echo signals shown in Figs. 6 and 7 ͑where N 1 ϭϮ1). The amplitude of the echo A varies as a function of the T j on a relatively slow time scale of / q and is roughly independent of ⌬t:
The T j 's are assumed to be much larger than 1/qu. It is clear from Eq. ͑17͒ that the echo signal as a function of ⌬t allows one to determine u, which is the velocity spread of the atomic cloud projected along the direction of q. For N 1 ϭ1, for example, the maximum of the signal occurs at ⌬tϭqu. Thus, from the shape of the observed signal, we can deduce the temperature of our trapped atoms.
It is interesting to calculate the maximum visibility, or contrast, of the atomic gratings produced by the techniques discussed in this paper. For this purpose, we consider a twopulse experiment (Lϭ2) with pulses at times T 1 ϭ0 and T 2 , and with N 1 ϭϪ1, and N 2 ϭN. Equation ͑13͒ gives the echo times tϭ͓1ϩ(1/N)͔T 2 for structures of period /(2N) ͓see also, Fig. 2͑a͔͒ . Inserting these conditions into Eq. ͑15͒ yields
Since 0 is the total atomic density ͓see Eq. ͑11͔͒, and in the vicinity of any given echo time, one particular value of N predominates, the visibility of the resulting atomic density-defined as Vϵ( max Ϫ min )/( max ϩ min ), where min ( max ) is the minimum ͑maximum͒ of as a function of position-is given by Vϭ2 N . The maximum visibility that can be obtained, V max , is twice the maximum of J 1 J Nϩ1 ͓see Eq. ͑19͔͒. These maximum visibilities for various N are listed in Table I . The maximum of J Nϩ1 "2 2 sin( q T 2 )… can be achieved by setting q T 2 ϭ/2 ͑or an odd multiple of /2), and using values of 2 given in Table I . The optimum value of 1 depends on the Doppler width qu of the atomic cloud. One finds roughly that one can approach the maximum value V max for 1 уqu/ q . For the atomic cloud used in our experiments, Eq. ͑19͒ indicates that for 1 ϭ10, we can achieve a visibility of 0.54V max , 1 ϭ20 gives 0.80V max and 1 ϭ30 gives 0.90V max . Colder atoms would achieve such visibilities with smaller 1 .
It is worthwhile stressing that Eq. ͑12͒ was derived under the Raman-Nath assumption. This assumption becomes increasingly difficult to satisfy as the pulse angles j get larger.
The results of this section can also be applied to the case of an atomic beam passing through spatially separated interaction regions. Such a configuration would be necessary for any deposition of atoms onto a surface. As mentioned in the Introduction, since the technique is based on echoes, no subrecoil collimation of the atoms being deposited is needed, potentially allowing a significantly higher atomic flux compared to techniques that require subrecoil collimation ͑such as those based on the Talbot effect͒. The question arises as to what degree a spread in longitudinal velocity one may have without significantly degrading the contrast of the resulting structures.
For sufficiently high longitudinal velocity v, one may substitute zϭvt, where z is the position along the direction of the atomic beam. Atoms with different longitudinal velocity will therefore experience different interaction times with the fields resulting in a spread in pulse angles. In addition, the free evolution ͑fe͒ time between interaction zones, T fe ϭD/v, where D is the spacing between zones, depends on atomic velocity. Because the echo time is proportional to the free evolution time between fields, the spatial location of the echo will not depend on velocity. However, an averaging of the signal over longitudinal atomic velocity may reduce the contrast of the atomic fringes. Numerical calculations for the two-pulse experiment discussed above indicates that a longitudinal velocity spread (v max /v min ) of up to a factor of 2 will not significantly degrade the contrast of the resulting density grating.
B. Generalization for multilevel atoms
Equation ͑15͒ expressing the size of the atomic density gratings has been derived in the case of two-level atoms. Our experiments were performed with Rb atoms, which have a multilevel structure. By optical pumping before the experiment and by use of appropriately polarized laser fields during the experiment, Rb can be effectively reduced to a two-level system. In the experiments described in this paper, however, no optical pumping was performed. In this section, we show how the results of the preceding section can be generalized to the case of a multilevel atom.
There are two aspects to this generalization. One is that a given ground-state sublevel is coupled to more than one excited state by the standing-wave pulses. The other is that if more than one ground-state sublevel is initially populated, then the total signal is the sum of the contributions from each of these sublevels. In the derivation that follows, we assume Fig. 9 .
VI. CONCLUSION
We have employed a de Broglie wave interferometry technique for generating and detecting density gratings in an atomic cloud. The period of these gratings is an even fraction of the optical wavelength . As a first step in exploring this method, we have observed structures of period /2 and /4 in a sample of ϳ100-K 85 Rb atoms. The /2 structures are observed in situ by scattering of a probe optical beam off them. The higher-order structures, such as the one with period /4, do not satisfy the phase-matching condition and thus do not scatter the probe field. To detect them, we developed a three-pulse echo technique, which renders a /2N structure visible in real time by converting it to a /2 structure that can be interrogated by the scattering of a probe field. The data collected show good agreement with theory for a variety of experimental conditions and suggest a promising technique for on-line monitoring and control of atom lithography. We also look forward to extending our technique for creating and observing spatial gratings of smaller periods as well as to using it for atomic beam lithography.
